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ABSTRACT
Various industrial applications such as medical/pharmaceutical sprays, heating, ventilation and
air conditioning systems, and other solid/liquid atomization processes benefit from the character-
ization of flow and deposition mechanisms of solid/liquid aerosols. This work aimed to exper-
imentally study the transport of solid and liquid aerosol particles which represented aerosolized
fission products in a nuclear reactor. We measured the flow field, free-stream concentration, and
surface deposition of solid/liquid aerosols flowing in a horizontal square channel with Reynolds
number of 750-7, 000. Particle image velocimetry (PIV) was applied to acquire the flow field
characteristics such as mean velocity fields and turbulent kinetic energy. The effects of Reynolds
number and particle diameter were investigated by studying the particle deposition and penetra-
tion of two micron-sized particle types. The experimental results of particle deposition velocity
agreed well with the correlations published previously and with the associated numerical results.
For the Reynolds numbers tested in this study, solid and liquid particle deposition was found to
be governed by gravitational sedimentation. Increasing the Reynolds number for a given particle
diameter increased the particle relaxation time and penetration efficiency but decreased the particle
deposition velocity. Decreasing the particle diameter for a given Reynolds number increased the
effect of gravitation sedimentation. By altering the surface properties with the addition of a carbon
nanotube coating, the penetration was shown to decrease for the same flow conditions when com-
pared with a smooth surface. Secondary flow vortices located in the corners, unique to turbulent
flow in a square channel, were experimentally shown to increase particle deposition in the corners.
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APS Aerodynamic Particle Sizer
CCD Charged Couple Device
CNT Carbon Nano-Tube
DEHS Di-Ethyl-Hexyl-Sebacate
GFR Gas-Cooled Fast Reactors
OPS Optical Particle Sizer
PIV Particle Image Velocimetry
SAG Solid Aerosol Generator
SPI Solid Particle Injector
TKE Turbulent Kinetic Energy
VTR Versatile Test Reactor
Symbols and Greek Letters
α Image magnification factor (mm/pixel)
ṁSPI Injection rate of the SPI (g/s)
µf Dynamic viscosity of fluid (Pa·s)
νf Kinematic viscosity of fluid (m2/s)
ρf,part Density of fluid or particle (kg/m3)
vi
τ+part Non-dimensional particle relaxation time
τw Wall shear stress (Pa)
Aimg,part Image area or particle cross sectional area (m2)
cin,out Free stream particle concentration at inlet/outlet of test section (#/m3)
Dp Particle mass diffusivity (m2/s)
f Friction factor
g+ Non-dimensional acceleration due to gravity
Javg,i Particle flux to the wall (#/m2 · s)
k Boltzmann’s constant (J/K)




2 Reynolds normal stress for the u and v components
Re Reynolds Number
Sc Schmidt Number
Stk Particle Stokes Number
tinjection Time after particle injection (s)
u′, v′ Fluctuating u, v velocity (m/s)
u∗ Friction velocity (m/s)
u+ Normalized u velocity
u+d Non-dimensional particle deposition velocity
u+RMS RMS of normalized fluctuating u velocity
vii
urel Relative velocity of the particle to the fluid (m/s)
Vpart Volume of particle (m3)
y+ Non-dimensional wall distance
d Diameter (m)
g Gravitational constant (m/s2)
L Characteristic length
P Penetration efficiency
T Absolute temperature (K)
x-,y-,z- Horizontal (Stream-wise), vertical, lateral directions
Subscripts
avg average











RMS Root Mean Square
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1. INTRODUCTION AND LITERATURE REVIEW
1.1 Background
Numerous applications are affected by particle transport and deposition, such as fabrication
of microelectronics, ventilation systems for residential buildings, and human airway inhalation.
Therefore, multiple studies have focused on particle deposition. For instance, research has been
conducted on particle deposition in airway bifurcation to understand the effects of particulate mat-
ter in the human respiratory system (Tsuda et al., 2011; Zhang et al., 2002; Asgharian and Anjilvel,
1994). In addition, the deposition and suspension behaviors of large particles (Aluko and Noll,
2006) and particles with uncommon shapes (Kvasnak and Ahmadi, 1995) have been studied to ex-
pand the understanding of particle deposition in channel flow. In particular, another application of
particle transport behavior is in the safety assessment of nuclear gas-cooled reactors. Fischer et al.
(2018) used graphite particles and helium to simulate a contaminated reactor coolant emerging
from relative motion between fuel elements or from contact with the graphitic reflector structure.
Similarly, this study explores particle deposition mechanisms in channel flow that have potential
applications in gas-cooled reactors.
In gas-cooled fast reactors (GFR), fission products such as particulate matter and gases may
be released into the primary system and/or into the reactor containment building, making these
fission products a potential source of particulate matter. Such particulate matter can range in size
from the sub-micron level to an order of 10µm (Humrickhouse, 2011). The measurement tech-
niques developed in this work to investigate the transport of particulate matter will be ultimately
tested in a scaled GFR experimental facility. Prior to applying the measurement techniques to the
GFR experimental facility, it is important to verify and validate the techniques and the uncertain-




In this work, the objective was to develop advanced techniques to characterize transport of sur-
rogate fission products (particles) in prototypical environments. This work is also meant to support
the quantification of fission product release, transport, deposition, and resuspension. Likewise, the
data obtained in this work is a means to provide supporting data for developing numerical models
and system codes for the Versatile Test Reactor (VTR) program where the phenomena connected
to the transport, deposition, and possible resuspension are important to the reactor safety.
1.3 Literature Review
A review on the published literature on particle deposition in rectangular and circular channels
is provided in Table 1.1. While reviewing previously reported studies, the following gaps were
noted. To the best of this author’s knowledge, flow passages in GFRs carrying particles and fis-
sion products are mostly rectangular or circular channels. Moreover, the majority of studies on
particle deposition in square channels are limited. In Table 1.1, a summary of the experimental
techniques implemented to measure concentration, flow fields, and/or surface deposition is pro-
vided. These studies used air as the fluid and various particle types. The authors primarily utilized
a mass difference technique to quantify surface deposition. By quantifying mass difference, the
surface deposition of solid phase particles can be reasonably estimated, but only the cumulative
surface deposition can be quantified. In contrast, an imaging technique offers both instantaneous
and cumulative deposition information. Likewise, no experimental work was found on the local
stream-wise surface deposition of particles along the length of the channel or local surface deposi-
tion of particles in the lateral direction to flow. The lack of literature on the lateral distribution of
particle deposition in rectangular/square channels has been noted because numerical studies (Gal-
letti and Bottart, 2004; Sharma and Phares, 2006; Phares and Sharma, 2006; Choi et al., 2019) have
shown increased particle deposition in the corners caused by secondary flow vortices. In this study,
particles were used to represent accident scenarios of leakage of solid/liquid particulate matter in
a GFR facility. Therefore, it is important to capture these particles from flow in a depressurization
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scenario and to explore filtration methods that enhance deposition. Thus, numerous studies have
explored particulate filtration through a carbon nanotube (CNT) sheets; however, no experimental
studies were found on the effect of adding a CNT surface coating on particle deposition to chan-
nel walls. Likewise, only few studies (Wells and Chamberlain, 1967; Gutfinger and Friedlander,
1985) have measured and discussed the impact of fibrous elements protruding from the surface on
the enhancement of deposition. The present study was performed to address the above identified
gaps.
In this study, surrogate particle deposition was analyzed in a horizontal square channel using air
as the working fluid and polypropylene microspheres and (DEHS) droplets as surrogate particles.
Surrogate particles were considered to study the aerodynamic behavior of fission particles based
on the dynamic similarity through matching Stokes and Reynolds numbers. Depending on the
Reynolds numbers of the flow and the Stokes numbers of the particle, the deposition of particulates
released into the square channel is affected by mechanisms such as gravitational settling, Brownian
diffusion, turbophoresis, and eddy-impaction (Liu and Illori, 1973). In the turbulent diffusion-
eddy impaction regime, the particle drift mechanism known as turbophoresis becomes important.
Originally described by Caporaloni et al. (1975) and Reeks (1983), turbophoresis describes the
transmission of particles from an area of high turbulent mixing to an area with a lower degree of
mixing. Particle suspended in a turbulent flow are dispersed randomly and the degree of dispersion
is inherent to the degree of mixing. Therefore, with all other mechanisms held equal, turbophoresis
explains how particles migrate to a lower turbulence region. The particles in this study had small
Stokes number in order for the particle trajectories to follow the flow streamlines. In this regard,
inertial forces played a small role in deposition. Likewise, Brownian motion played a very small
role since the size of the particles in this study was large enough as to not have their trajectories
altered by collisions with the random motion of gas molecules. Lastly, the particles studied here
had a relaxation time of τ+ ≤ 1 and for relaxation times of this order, the resulting deposition is
ultimately caused by gravitational sedimentation and turbulent diffusion.
The particle relaxation times considered in this work were primarily in the gravitational sedi-
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mentation regime for both the polypropylene microsphere particles and the DEHS droplets. Under
this regime, particle deposition is driven by the influence of a gravity induced drag force on particle
migration to the wall as well as turbulent air eddies that direct the motion of the particles which
occur in response to sporadic, violent eruptions of the viscous sublayer, as observed by Kline et al.
(1967). Owen (1969) first proposed that particles are convected to the wall and that deposition to
the wall could be described using an equation of the form u+d = Kτ+2, where K is a constant. Later,
Wood (1981b) showed that Owen’s model accurately described the deposition velocity in the eddy
diffusion-impaction regime but failed in the turbulent diffusion regime. This work adopted Wood’s
model for comparison with calculated particle deposition velocities. The adopted model included
terms which numerically described the effects of Brownian diffusion, eddy diffusion-impaction,
and gravitational sedimentation (Kvasnak et al., 1993).
In this study, we developed experimental techniques to measure the flow field, free-stream
particle concentration, and surface deposition and applied the methods to quantify the mean veloc-
ity vector field, dimensionless deposition velocity, penetration efficiency, and stream-wise/lateral
deposition distribution. The flow field in a square channel was measured using particle-image
velocimetry (PIV). The particle concentrations inside the channel and on the bottom wall were
measured using an optical particle sizer (OPS) and a high magnification imaging system, respec-
tively. The impact of the CNT coating on particle deposition to the bottom wall was studied. Using
the experimental data, the particle deposition velocity and relaxation time were compared with nu-
merically simulated results. Finally, using the experimental data, two correlations were generated
for penetration as a function of Reynolds numbers for two different particle diameters considered
in this study. Figure 1.1 illustrates the work flow of this study.
4





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 2.1: Top (a): Experimental facility of horizontal square channel with PIV setup. Bottom
(b): Motorized-traverse with a mounted surface deposition camera. Separate traverse into page,
for lateral movement (z-direction) is not shown.
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To study the flow behavior and particle deposition on the surface of a square duct, an experi-
mental facility was constructed to facilitate experiments. The facility, shown in Figure 2.1, had a
cross-sectional area of 7.62 × 7.62 cm2 and a total length of 182.88 cm. The facility was divided
into three equal sections of 60.96 cm in length. The first section of the facility allowed for flow
development. The third section was used for particle filtration and to minimize exit effects. The
middle section, i.e. the test section, was used to measure parameters of interest such as the flow
velocity, particle concentration, and surface deposition.
The test section was constructed to allow the removal of a single wall. This feature was im-
portant because it allows the surface of the test section to be cleaned between tests and modified
with the addition of a CNT coating. The facility was connected to an air compressor to adjust the
air-flow rates. A hot-wire anemometer was used to measure the inlet velocity at the test section and
to determine the volumetric flow rate of the mixture. Equipment constraints require the particle
injected air with a supplemental clean air supply in order to reach higher flow velocities. Figure
2.2 (not drawn to scale) illustrates the supplemental clean air supply mixing with the particle-laden
air occurring upstream of the first section of the facility. The hot wire anemometer measured flow
velocity at the inlet of the middle section.
Figure 2.2: Upstream depiction of supplemental air supply used to achieve high flow velocities in
the square channel.
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2.1 Solid-, Liquid-Aerosol Generation Method
Two methods were used to generate aerosol. To generate solid aerosols with polypropylene
microspheres, a constant volume injection method similar to the method used by Barth et al. (2014)
was be employed. Using similar injection principles, we fabricated the Solid Particle Injector (SPI)
shown in Figure 2.3. The SPI was designed, fabricated, and calibrated in-house using a mass
difference calibration technique to measure the injection rate (g/s) for a given delivery speed and
injection time (Chavez et al., 2020). The SPI can be broken into three main components:
1. Feeding Belt System
2. Particle Vessel
3. Injection Nozzle
Figure 2.3: Left (a): Back view of the SPI. Right (b): Front view of the SPI.
As shown in Figure 2.4, the feed belt system was comprised of three idle pulleys, a single drive
pulley, a feed belt, and a motor. The feeding belt was simply a notched timing belt. A motor was
10
attached to the shaft connected to the drive pulley such that the speed of the entire feed belt system
could be controlled by reducing the rotational speed of the motor using an in-house developed
Python script. The volume of the space between the notches on the timing belt was important
because each empty space was filled with a fixed volume of particles as the belt moves through the
particle vessel.
Figure 2.4: Feeding belt system of the SPI. Notches on belt not shown.
As shown in Figure 2.5, the particle vessel was comprised of an acrylic container, a rotating
scraper, and a motor. The acrylic container had a port at the top for refilling the vessel with
particles. At the bottom of the acrylic container, a surface cut was made upwards into the container.
The depth of the surface cut was exactly the height of the notch on the timing belt. Therefore, as
the belt passed into the acrylic container, the tops of each notch rubbed against the bottom of the
acrylic container. Likewise, as the belt left the acrylic container, the top of the notches of the belt
rubbed against the bottom of the container.
The rotating scraper was connected to a motor-driven shaft. The function of the rotating scraper
was to ensure the mixing of the bulk of the particles inside the acrylic container and to fill the voids
of the belt as it passed along the bottom of the particle vessel. Particles were first pushed into the
voids of the belt with the first pass of the scraper. Then, with the second pass of the scraper, extra
particles were taken off the top of the belt before the filled spaces left the particle vessel. Through
11
delicate machining and assembly, a fixed volume of particles was injected to the flow per revolution
of the belt system.
Figure 2.5: Detailed particle vessel schematic of the SPI.
The injection nozzle is shown in Figure 2.6. The function of the injection nozzle was to take in
clean, compressed air and then output a solid-aerosol. This was accomplished using a Venturi jet
pump. Inside the jet pump, a constricted area was utilized to reduce pressure and provide suction.
As air passed through the converging-diverging section of the jet pump, the fluid was ejected at
high velocity which created a low pressure region in the throat which acted as a vacuum. This low
pressure region in turn drew the particles up from the belt delivery system. The placement of the
end of the suction port was chosen such that it hovered less than 2 mm above the top of the notches
on the feeding belt. The flow area of the suction port was chosen carefully such that the desired
range of flow velocities (i.e., inlet pressures) always produced suction into the Venturi jet pump.
Lastly, the particle-laded flow was supplemented with clean air before entering the square channel
for higher flow velocities.
12
Figure 2.6: Top (a): Venturi jet pump flow schematic. Bottom (b): Assembly of the injection
nozzle for the SPI.
Calibration of the SPI was conducted following the calibration setup and procedure recom-
menced by the manufacturer of the SAG 410. Using a mass balance technique, the mass of particles
injected for a given amount of time was found for different injection rates. To vary the injection
rate of the SPI, the rotational speed of the drive pulley was varied. The calibration setup shown in
Figure 2.7 was comprised of the SPI, a flow channel, a 5µm filter, and a blower. The function of
the blower was to minimize backflow upstream of the filter by causing suction downstream of the
filter. By marking the initial mass of the filter prior to particle injection and the mass of the filter
post-injection, the injection rate could be found for a given injection time.
13
Figure 2.7: SPI calibration setup.
A total of six feeding belt speeds were tested. For each belt speed, the average injection rate
was found after a total of 10 trials. Figure 2.8 illustrates the results of the SPI calibration. It can
be seen that both the calibration technique and the performance of the SPI was consistent and that
the injection rate of the SPI varied linearly with belt speed.
Figure 2.8: SPI injection rate calibration results.
To generate the liquid aerosol with DEHS droplets, a six-jet atomizer (TSI Model 9306) was
14
used to aerosolize the DEHS fluid (Figure 2.9).
Figure 2.9: TSI Model 9306: Six-jet atomizer used for liquid-aerosol generation.
Due to the OPS measurement device constraints, a valid free-stream concentration measure-
ment could only be taken for an aerosol concentration ≤ 3, 000 particles/cm3. However, a single
jet of the atomizer produced an aerosol concentration of 107 particles/cm3. Therefore, without
integrating a dilution system, the optics within the OPS would have been damaged or produced
erroneous measurements.
Figure 2.10 is a detailed illustration of the dilution setup. The dilution setup was based off
the dilution methods found in aerodynamic particle sizers (APS). The dilution setup consisted of
a flow divider where the amount of flow through each branch regulates the amount of dilution
applied to the aerosol. In Figure 2.10, there are two bypass lines which circumvent the filtering
line. However, only one the bypass lines actually has aerosol flowing through it. The other bypass
line is used to gauge the pressure drop across the filter line. By controlling the flow area in the
bypass line, the dilution factor can be altered to achieve the desired aerosol concentration to the
optical particle sizer.
15
Figure 2.10: Detailed illustration of the dilution setup placed upstream of the OPS and downstream
of the sampling probe.
2.2 Experimental Test Conditions
Here, the solid aerosol of polypropylene microspheres is referred to as “solid particle aerosol,”
whereas the liquid aerosol of DEHS is referred to as “liquid droplet aerosol.” The solid particles and
liquid droplets used as surrogate particles had a density of 42 kg/m3 and 910 kg/m3, respectively.
The solid particles had a diameter of 25−50 µm and the liquid droplets had an average diameter of
2 µm. Surrogate particles with a lower density (42 kg/m3) represented solid-aerosols and surrogate
particles with a higher density (910 kg/m3) represented liquid-aerosols in the GFR facility. With
these two particle diameters, measurements were taken at various flow velocities, and two ranges of
Stokes numbers identified as Stk1 and Stk2 were obtained because the Stokes number is a function
of both flow velocity and particle diameter. Stk1 refers to the results of solid particle transport,
and Stk2 refers to the results of liquid droplet transport. Table 2.1 summarizes the experimental
test conditions of this study.
16
Table 2.1: Experimental Test Conditions







Stk1 = (3.49× 10−04 - 3.26× 10−03)
Di-Ethyl-Hexyl-Sebacate
2 µm
Stk2 = (2.30× 10−08 − 2.15× 10−07)
17
3. SCALING APPROACH FOR SURROGATE PARTICLE TRANSPORT
For an accidental scenario due to a break in the primary coolant system of a helium-cooled
reactor, fission products may be carried away from the reactor core by the coolant. One potential
source during an accident scenario is graphite dust, which has shown affinity for fission products
(Zhang et al., 2017). Therefore, it was important to analyze particles within the prototype reactor
and scale the particle size and density to be used in the model. To determine the physical properties,
such as size and density, of potential surrogate particles that could be used in the test facility, the
following dimensionless numbers were crucial.
The Reynolds number was considered to account for the similarities between flow conditions





where Uf is the fluid velocity, ρ is the fluid density, µ is the fluid dynamic viscosity, and dh is the
hydraulic diameter of the channel.
The Stokes number is a ratio of the characteristic time of a particle to the characteristic time of
the flow. The Stokes number was considered to ensure the particles in the flow followed streamlines







where “part” indicates particles, ρpart represents the particle density, dpart is the particle diameter,
Uf is the fluid velocity, µf is the fluid dynamic viscosity, and L is the characteristic length.
Experiments were performed under isothermal conditions (20◦C), and the system fluid was air
at atmospheric pressure. The ratios of the non-dimensional numbers of the model to those of the
prototype were equal to unity to guarantee fluid dynamic similarity. Similarities for the Stokes
numbers (StkR) between the prototype “p” and model “m” are shown below.
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The properties of helium and graphite dust were assumed for the prototype and applied to the
scaling for the experimental facility of the horizontal square channel. From Stokes relation, the




























Considering the similarities for the Reynolds numbers, a similar derivation was performed


































dpart,p = Cdpdpart,p (3.6)
where Cdp is a particle diameter coefficient determined by fluid properties and geometric scale.
Different reactor prototypes have different potential fission products. Using Equation 3.6, the
particle diameter of the scaled model can be modified to accommodate different solid and/or liq-
uid aerosol flows in the prototype. For example, considering graphite dust as the particle in the
prototype, dpart,m can be accordingly scaled to guarantee similarities between the model and the
prototype.
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4. DEVELOPMENT AND APPLICATION OF MEASUREMENT TECHNIQUES
4.1 Flow Field Measurement Technique
To acquire the aerodynamic flow fields in the test facility, two-dimensional two-component
(2D-2C) PIV measurements were performed. The setup of PIV measurements is shown in Figure
2.1a. The measured flow area was located at the center plane of the test section and illuminated
using a laser sheet. The coordinate system of the flow field had the origin chosen at the inlet of the
section and along the center plane. The stream-wise, bottom-wall-normal, and lateral directions
are denoted for x-, y-, and z-directions, respectively. The time-averaged velocities along the x- and
y-directions were denoted as U and V , while u′ and v′ represent the fluctuating velocities, respec-
tively. The 2D-2C PIV setup included a dual head pulsed laser used for flow field illumination, a
charged couple device (CCD) camera used for high resolution imaging, and an oscilloscope used
for synchronized triggering. The dual head laser generated 200 mJ beams at a wavelength of 532
nm. The laser beams were adjusted with a combination of cylindrical and spherical lenses to form
a laser sheet with a 1 mm thickness. Image pair cross-correlation calculations were made to search
for correlation peaks to measure particle displacement. Out-of-plane particle displacements could
strongly reduce the correlation peaks thereby reducing the validity of peaks in the correlation map.
To reduce the loss of correlation peaks caused by spanwise (out-of-plane z-direction) particle dis-
placement, we followed the procedures suggested in Raffel et al. (2018) to optimize the laser sheet
thickness and time-interval between the first and second exposures. The 1-mm laser-sheet thick-
ness was found to be sufficiently thin to guarantee a good particle-image intensity but sufficiently
thick to minimize the loss of image correlation due to out-of-plane particle displacements. A CCD
4-MP camera with a pixel size of 5.5× 5.5 µm2 was used to capture the instantaneous image pairs
at a sampling rate of 10 Hz. The captured images had a resolution of 2, 336 × 1, 752 pixels. The
time interval between the first- and second-image exposures was chosen to be 500 µs that yielded
a maximum particle displacement of 10 pixels. The advanced multipass, multigrid robust phase
20
correlation (RPC) algorithms developed by Eckstein and Vlachos (2009) were applied to process
the PIV experimental images. In the PIV processing, four iterations were made. The first pass
started at 128 × 64 pixels and the final pass ended at 32 × 16 pixels. All PIV interrogation win-
dows had a 50% window overlap, yielding a final distance between two adjacent vectors of 0.73
mm. Particle displacements were calculated from the cross-correlation map, and a Gaussian-peak
fit was applied for subpixel accuracy (Raffel et al., 2018). Erroneous particle displacements were
detected using statistical validations and a median filter (Westerweel, 1994), based on the standard
deviations of neighboring vectors, was used to filter out spurious vectors. The resultant gaps were
then filled by velocity interpolation.
4.1.1 Flow Field Measurement Technique Calibration
Prior to collecting flow field images, the following images shown in Figure 4.1 were taken in
order to convert the flow field velocity data into physical units. An image with a ruler was used
to determine the stream-wise location which the flow field data was taken. The image with the
LaVision calibration target was used to determine the pixel-to-physical coordinate conversion ratio
used in PIV post-processing.
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Figure 4.1: Top (a): Ruler image used to determine stream-wise location of flow field measure-
ment. Bottom (b): LaVision calibration target image used to determine pixel-to-physical coordi-
nate conversion ratio.
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4.2 Surface Deposition Measurement Technique
Images of the bottom surface of the test section were captured to obtain the particle deposition
rate and the stream-wise/lateral deposition distribution using a high magnification imaging system
and a motorized-traverse system, as shown in Figure 2.1b. Images of the particle surface deposition
were captured using an 8-MP CCD camera (Imperx B3320) with a maximum resolution of 2, 458
× 3, 312 pixels and a pixel size of 5.5 × 5.5 µm2. The camera was mounted with a 12X zoom lens
with 3-mm fine focus (ThorLabs MVL12X3Z). Additional lens attachments were added to achieve
a working distance of 108 mm, which allowed the entire imaging system to remain outside the test
section and provided the freedom to capture images from all locations of the bottom wall of the test
section using the motorized-traverse system. The lens selection criteria were driven by the required
working distance and depth of field; however, additional factors such as the matching pixel size
and resolving limit were considered to capture detailed images of both particle types. The depth of
the field ranged from 0.09 mm to 2.54 mm, and the resolving limit ranged from 4.44 µm to 23.80
µm. A summary of the magnification details of the final lens combination can be found in Table
4.1. To convert the surface depositon images to physical dimensions a calibration image using a
LaVision target was taken (Figure 4.2). To illuminate the test section, a 400 W, 18, 000 lm LED
light panel was used, which spanned the length of the test section. For the tests performed in this
study, the surface deposition camera operated at 8 Hz and 0.08 Hz. The higher frequency was used
to collect images while both the solid and liquid aerosols were flowing through the square channel.
The lower frequency was applied during the automated surface scans. The low capture frequency
of the surface scans allowed time for the motorized-traverse to travel 1 mm in the stream-wise or
lateral direction and allowed small vibrations to dampen before capturing a clear, focused image.
23








108 mm 0.44 - 5.25 2.55 mm - 0.09 mm 23.80 µm - 4.44 µm
Figure 4.2: LaVision calibration target image taken by the high magnification imaging system.
Used to determine conversion ratio of pixel-to-physical dimension of the surface deposition im-
ages.
For measurement of the deposition rate, images had to be captured while the solid or liquid
aerosols flowed through the channel. Prior to initializing particle injection, the flow was allowed
to completely develop in the channel and reach a steady flow condition. The surface deposition
camera and the aerosol generation method were started simultaneously once a steady flow condi-
tion was met. The surface properties were altered by attaching a carbon nanotube sheet (Miralon)
to the surface of the channel. The sheet thickness was 20µm, and the channel surface was assumed
to be aerodynamically smooth with and without the addition of the CNT sheet. For each particle
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type, a total of 10 different flow velocities were tested, and each test was repeated a minimum of
three times. Between each test, all three sections of the channel were cleaned to remove any par-
ticles deposited on the surface. Likewise, the deposition experiments to the CNT surface required
removal of the particle laden sheet and the subsequent installation of a clean CNT sheet between
each test. The surface was imaged when the particles simultaneously deposited to calculate the
instantaneous deposition rates, which statistically improved the calculated average deposition rate.
The deposition rate was obtained using a series of image post-processing steps, which involved
using in-house MATLAB codes and ImageJ to facilitate the image filtering (Schneider et al., 2012;
Fischer et al., 2018). Uneven illumination in the raw image was rectified by image division with a
flat field image. This process is shown in Figures 4.3 and 4.4. Shown in Figure 4.4, it can be seen
that flat field division also eliminated specs of dust on the camera sensor. Dust was identified in
the early stages of the experimental study when every image of the particles contained the same
pattern of dark spots left by dust. After careful cleaning of the camera lens and sensor, the flat field
correction step was always the first image transformation done.
Lastly, Figure 4.5 illustrates the transformation of a raw image into an image which has outlined
each individual particle cluster. To summarize, image transformations included image division,
thresholding, followed by binarization. By thresholding the uniformly illuminated image, a binary
image was produced. The process of binarization converts the range of pixel intensities from a
value ranging from 0 − 255 for an 8-bit image to a value of either zero or one. The binary image
was used to calculate the area of the image covered with particles or without particles.
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Figure 4.3: Flat field image correction used to rectify uneven illumination and dust on camera
lens/sensor.
Figure 4.4: Left (a): Raw image before flat field correction, dust on lens circled in red. Right (b):
Raw image after flat field correction illustrating the elimination of dust in the image.
Figure 4.5: Particle deposition image processing
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Deposition distribution scans were taken using a motorized-traverse to automate scanning of
the bottom wall of the test section for the shaded areas seen in Figure 4.6a. Images of the bottom
surface were captured, post-processed, and stitched together to reveal the spatial deposition con-
centration as a function of the stream-wise and lateral directions, denoted as the x- and z-directions,
respectively. A sample of the reconstructed image is shown in Figure 4.6b. Reconstructed images
were then utilized to map out the surface concentration of particles for a given location in the x-
and z-directions.
The layout of the deposition scanning grid in Figure 4.6a was designed to capture any dis-
cernible features of the deposition rate in the stream-wise and lateral directions. Numerous compu-
tational studies (Choi et al., 2019; Phares and Sharma, 2006; Sharma and Phares, 2006; Gavrilakis,
1992) have simulated the turbulent flow in a square duct and have shown a possible deposition
enhancement caused by secondary vortices located in the corners and/or the turbophoretic force.
Figure 4.7 depicts the direction of these secondary vortices which may pull particles from the bulk
flow and towards the channel corners. Therefore, the spatial particle concentration at the wall along
the stream-wise centerline was scanned because it was proposed that this region is less affected by
the presence of secondary corner vortices, thereby isolating the stream-wise scan from the effect
of corner vortices on the deposition rate. In contrast, lateral scans in the channel were performed
to measure the enhancement in deposition, if any, caused by corner vortices.
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Figure 4.6: Top (a): Bottom surface deposition scanning grid showing stream-wise (x) and lateral
(z) regions used to obtain a deposition distribution. Bottom (b): Reconstructed images of a particle
surface deposition over 0.27 mm× 1.28 mm (410 pixel× 1917 pixel). The image shown is a small
portion of the stream-wise scan in the x-direction.
Figure 4.7: Secondary vortices special to rectangular channel flow.
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4.3 Particle Concentration Measurement Technique
Similar to previous studies that have probed the flow to measure particle concentrations, this
study utilized an isokinetic sampling probe to collect a small volume of aerosols for analysis.
As can be seen in Figure 2.1a, the isokinetic probe was placed in the center of the channel using a
sealed port hole drilled into the removable plate of the test section. Once gathered by the probe, the
sampled aerosol was analyzed using an optical particle sizer (Figure 4.8). The OPS (TSI 3330) was
capable of measuring the size (i.e. diameter) of the particle by correlating laser-diode-pulse lengths
from the photo detector to its size. Based on the particle size (i.e., pulse length), the OPS counted
and placed the count into one of sixteen bins. After sampling for one minute, a concentration
distribution based on the 16 different bins was saved along with the cumulative concentration of
all bins for a single test. OPS could only measure the concentration of particles sizes between 0.3-
10 µm. Therefore, this device was only used to measure the free-stream concentration of particles
using DEHS droplets because the size distribution of these particles was within the 0.3-10 µm
range. The cumulative concentration measured at the inlet and outlet of the test section was used
to report the penetration efficiency (Section 5.2) for the DEHS droplets.
Figure 4.8: Optical particle sizer used to measure free-stream particle concentration of the liquid
aerosol.
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For isokinetic conditions to be met, the average velocity inside the duct should be equal to the
velocity inside the sampling probe. To achieve this condition for various flow velocities, the cross-
sectional area of the sampling probe was sized accordingly such that the ratio of duct to probe
velocities was equal to unity. For instance,
Probe Volumetric Flow Rate
Probe Flow Area
=




To investigate filtration effects of surface coatings, a pre-/post-test was conducted by comparing
the deposition results a smooth surface to a surface coated with a CNT sheet. The carbon nanotube
sheet had a thickness of 20 µm and can therefore be considered a surface coating. It was assumed
the channel remained aerodynamically smooth with this modification. In Figure 4.9, an image
of the CNT microstructure shows the interwoven pattern of the CNT sheet. Also, sample images
showing the solid particle deposited onto the two surfaces is shown.
Figure 4.9: Left: CNT microstructure. Middle: Solid particle deposited on CNT surface. Right:
Solid particle deposited on smooth surface.
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5. DATA REDUCTION
5.1 Calculation Method for Dimensionless Particle Deposition Velocity
The average deposition velocity of the particles over the duration of the injection time was





where Javg is the average particle flux to the wall (#/m2 · s) and C0 is the free stream aerosol
concentration (#/m3). Equation 5.1 assumes that particles are uniformly deposited on the channel
surface. The particle flux was experimentally determined by counting the number of particles
deposited in the imaging area as a function of time. The instantaneous particle flux Ji (#/m2 · s)





where Ndep,i (#) is the instantaneous number of particles deposited on the wall in the image, Aimg
(m2) is the area of the image captured with the surface deposition camera, and ti (s) is the time after
particle injection (Kvasnak et al., 1993). The average particle flux to the wall was then averaged







where n is the final image taken in the injection process. It was difficult to determine the number
of individual particles detected and counted on the image with the polypropylene microspheres
because of the clustering of individual particles. To rectify this issue, the value of Ndep was ob-
tained by dividing the total area of the image covered by particles Apart (m2) by the average
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The non-dimensional particle deposition velocity was then calculated using Equation 5.5, where





For cases where PIV data were available, the friction velocity u∗ was calculated using Equation

















The velocity gradient ∂U/∂y was determined at the wall and computed at the first PIV grid point





was calculated to illustrate the flow regimes near the wall.
For cases in which the PIV data were not available, Equation 5.9 was used to estimate the
friction velocity u∗. The friction factor f was computed using the Blasius correlation (Equation
5.10) corrected for non-circular ducts by replacing diameter with the equivalent diameter (Liu and













where ū is the mean fluid flow velocity measured using a hot-wire anemometer, and Re is the fluid
flow Reynolds number using the hydraulic diameter of the flow channel.
The model for empirically estimating the non-dimensional particle deposition rates in turbulent
flows was adopted from the study of Wood (1981b) modified by Kvasnak et al. (1993) to compare
against the experimental data. Wood’s model was defined as
u+d = 0.057Sc
−2/3 + 4.5× 10−4τ+2part + τ+partg+ (5.11)
where Sc is the particle Schmidt number, g+ is the non-dimensional acceleration due to grav-
ity, and τ+part is the non-dimensional particle relaxation time. In Equation 5.11, the 1st Term
numerically described the effect of Browian diffusion, the 2nd Term described the effect of eddy-
impaction, and the 3rd Term described the effect of gravitational sedimentation (Kvasnak et al.,










where k is the Boltzmann’s constant, T is the absolute temperature, µf is the dynamic viscosity of













where the condition for Stokes flow was met by ensuring the particle Reynolds number was less
than one (Repart < 1). The particle relaxation time characterized the time required for a particle





where urel is the relative velocity of the particle to the fluid (Wood, 1981b).
5.2 Calculation Method for Penetration Efficiency
Herein, two different types of aerosols, i.e., solid particles with Stk1 and liquid droplets with
Stk2, were considered. Each of these two particle cases requires two different measurement tech-
niques to calculate the particle penetration efficiency (P ). To calculate the penetration efficiency
for the polypropylene microspheres (PSolid), the ratio of the number of particles leaving the duct













The injection rate (g/s) ṁSPI of the SPI was a known quantity after calibration of the SPI. The total
particle injection time was represented by tinjection and Vpart was the average volume of a single
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To calculate penetration efficiency of liquid DEHS droplets (PLiquid) at different flow velocities,





where cout and cin were the free stream concentrations sampled at the inlet and outlet, respectively,
of the test section using an isokinetic sampling probe connected to an optical particle sizer.
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6. UNCERTAINTY ANALYSIS
6.1 Uncertainty of the PIV Technique
The uncertainty sources associated with the measurement of particle displacement and the cal-
culated velocity include the particle-fluid behavior and calibration along with random errors in
velocity vectors. To minimize the error due to particle-fluid behavior, the Stokes number of the
particle was maintained at Stk < 0.1. The particle diameters were carefully chosen to be suffi-
ciently large to produce good quality images but also to maintain a small enough Stk number. The
calibration images were captured using a high-precision LaVision target with known dimensions.





where ∆X is the particle displacement in pixels, and α is the image magnification factor. The








where U%α, U%X , and U%t are the percent uncertainties associated with the magnification factor,
particle displacement, and time interval, respectively. U%Up was estimated to be less than 2% of
the mean velocity for all velocity vectors calculated. This method, described by Sabharwall et al.
(2013), was used to estimate the uncertainties from the PIV measurements.
In this study, the PIV technique only allowed the measurements of two velocity components u
and v. Therefore, the turbulent kinetic energy is defined as
TKE = 0.5(ū′2 + v̄′2) (6.3)
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where Ruu and Rvv represent the Reynolds normal stress for the u and v components, respectively.
The percent uncertainty of the TKE was conservatively estimated to 4.3%.
6.2 Uncertainty of Deposition Velocity and Penetration Efficiency
The uncertainty associated with the calculation of the dimensionless particle deposition veloc-
ity was dependent on the method used to calculate the friction velocity. When the friction velocity
was calculated from PIV measurements, Equation 6.5 was used to estimate the percent uncertainty
of the reported values, where U%Apart , U%C0 , U%α, U%X , U%t are the percent uncertainties as-
sociated with the particle area in an image, particle concentration, magnification factor, particle












In contrast, in cases when the friction velocity was estimated using the Blasius correlation, Equa-
tion 6.6 was used to estimate the percent uncertainty of the reported values. U%f, U%Re, and U%ū are















The dimensionless particle deposition velocity percent uncertainty U%u+d was estimated to be
8.23% of the mean velocity for cases in which PIV data were available and 17.36% for cases
in which PIV data were unavailable.
The percent uncertainty of the penetration efficiency associated with the polypropylene parti-
cles (U%PSolid) was estimated using Equation 6.7, where U%ṁSPI , U%tinjection , and U%dpart are the












The percent uncertainty of the penetration efficiency associated with the DEHS droplets (U%PLiquid)
was estimated using Equation 6.7, where U%cin and U%cout are the percent uncertainties associated







The percent uncertainty of the polypropylene particle penetration efficiency U%PSolid was estimated
to be 7.66%, and the percent uncertainty of the DEHS droplet penetration efficiency U%PLiquid was
estimated to be 21.71%. Table 6.1 summarizes the reported values of percent uncertainties.
6.3 Uncertainty of Spatial Deposition Concentration
The accuracy of the deposition concentration is a combination of the accuracy of the detected
particle area and the area of the image. The contribution of scaling accuracy when converting from
pixel units to physical units cancels out when computing deposition concentration Apart/Astep.
Also, the area of the step is a constant since the image size does not change. Therefore, the
uncertainty of the deposition concentration is simply the uncertainty of the detection method used
to find Apart which is ±0.0107%× Spatial Deposition Concentration. This results in a negligible
error associated with measuring Apart and reporting the Spatial Deposition Concentration.
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Table 6.1: Summary of Percent Uncertainties for Calculated Quantities
Calculated Quantity Percent Uncertainty
Up from PIV <2%





7. RESULTS AND DISCUSSION
7.1 Flow Field Measurement Results from PIV
Statistical results from PIV are presented here for selected experimental conditions. To illus-
trate the mean velocity vector field and color contour of the normalized velocity magnitude, results
for the DEHS droplets are presented for PIV data collected at the test section inlet and the middle
of the test section. The data taken at the middle of test section corresponded to Reynolds numbers
of Re = 3, 600 and Re = 6, 100. To demonstrate the variation in the channel velocity profile as
a function of stream-wise location, the normalized velocity magnitude of the stream-wise veloc-
ity component taken from the color contours is plotted in Figure 7.2 from different locations in
the stream-wise direction. The magnitudes of the turbulent kinetic energy (TKE) measured with
DEHS droplets for Re = 3, 600 and Re = 6, 100 are presented as color contours in Figure 7.3. The
data taken at the inlet of test section corresponded to lower Reynolds numbers ranging from Re =
1, 100 to Re = 2, 500. The purpose of collecting PIV data at the inlet of the test section was to visu-
alize any entrance effects upstream from the primary measurement location. Table 7.1 summarizes
the details of the results presented in Section 7.1
Table 7.1: Overview of PIV Results





Normalized Velocity Magnitude Contour
TKE Color Contour
3, 600, 6, 100
Middle
X = 232− 326
Liquid
Near Wall Results 3, 500− 5, 900
Middle




Normalized Velocity Magnitude Contour
1, 100− 2, 500
Inlet
X = 13− 165
Liquid
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7.1.1 PIV Results Taken at the Middle of the Test Section
The mean velocity vector fields for both Reynolds numbers (Re = 3, 600 and Re = 6, 100) are
shown in Figure 7.1. The time averaged velocity fields were found to be consistent throughout the
measurement area. The uni-directional velocity fields represent the flow conditions in which the
entrance and exit effects of the test section did not impact the PIV measurement area. With respect
to the color contour of the velocity magnitude, the velocity magnitude was observed to decrease
when approaching the walls for the flow channel, thus indicating the no-slip flow condition at the
geometric flow boundaries.
To verify the flow condition was fully developed, velocity profiles taken at Re = 3,600 and
Re = 6,100 for DEHS droplets are shown in Figure 7.2. For both conditions, the velocity profiles
were found to remain unchanged in the stream-wise direction. Four stream-wise locations were
chosen to numerically describe a velocity profile’s proximity to achieving the fully developed
flow condition. The velocity profile at the furthermost stream-wise location (x = 326 mm) was
considered as the fully developed velocity profile. Then, the percent differences were calculated
by comparing profiles at x = 256 mm, x = 279 mm, and x = 303 mm to the furthermost profile. The
average percent difference between velocity profiles with respect to the furthermost stream-wise
location was less than 0.1%.
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Figure 7.1: Mean velocity vector fields and color contour of normalized velocity magnitude. Top
(a): Re = 3, 600, Bottom (b): Re = 6, 100.
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Figure 7.2: Normalized velocity profiles along various stream-wise locations. Left: Re = 3, 600,
Right: Re = 6, 100.
The magnitudes of the turbulent kinetic energy measured with DEHS droplets for Re = 3,600
and Re = 6,100 are presented as color contours in Figure 7.3. The color contours of the TKE
magnitude for both flow conditions spatially illustrate the degree of mixing within the channel. At
Re = 3,600, the flow was found to not be fully turbulent because the magnitude of the TKE was
not uniform in the channel. In contrast, with an increase in flow velocity, as seen for Re = 6,100,
the TKE was uniform throughout the majority of the channel, denoting a fully turbulent flow.
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Figure 7.3: Color contour of turbulent kinetic energy magnitude. Top (a): Re = 3, 600, Bottom (b):
Re = 6, 100.
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7.1.2 Near-Wall Results
The current PIV experimental setup was arranged to acquire the flow fields within the full-
height of the test section. The PIV grid point closest to the wall is at approximately 1 wall unit.
The PIV grid spacing was 0.73 mm, which allowed flow structures larger than this value to be
resolved. Figure 7.4 is a raw PIV image with overlaid instantaneous particle displacement vectors
and the corresponding instantaneous velocity vector fields. In addition, close-up views to the near-
wall region are provided in Figure 7.4.
Figure 7.4: Left (a): An instantaneous PIV image with overlaid particle displacement vectors.
Right (b): Instantaneous velocity vector fields and color contour of velocity magnitude. Close-up
views to the near-wall region are highlighted in the box.
The results of spatiotemporally averaged dimensional profiles of u+ and u+rms are presented in
Figure 7.5. The dimensionless velocity profile u+ and the RMS fluctuating velocity profile u+rms
are shown as a function of the non-dimensional wall distance y+. These dimensionless profiles of
u+ and u+rms were obtained by spatially averaging the corresponding mean stream-wise velocity
and RMS fluctuating stream-wise velocity. The experimental conditions present in the u+ and u+rms
results were calculated for both particle types and for the two Reynolds numbers. Thus, the results
corresponded to polypropylene microspheres (Stk1) at Re = 4, 700 and Re = 5, 900 and to DEHS
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droplets (Stk2) at Re = 3, 500 and Re = 5, 700.
In Figure 7.5a, following Pope (2001) the universal trend of the turbulent boundary layer was
expressed as a linear relation u+ = y+ in the viscous sublayer (y+ < 5) and a logarithmic slope
u+ = 1
k
ln(y+) +C+ in the log-law region (y+ > 30). The u+ profiles corresponding to all studied
Reynolds numbers followed the universal slope of the turbulent boundary layer. However, the
obtained dimensional u+ profiles overestimated the logarithmic slope in the log-law region. As
previously found by Huser and Biringen (1993) and Barth et al. (2013), turbulent flows in a square
channel could generate higher turbulence in the channel corners compared with turbulent flow over
a flat plate, which was used to derive the logarithmic slope. In Figures 7.5a and 7.5b, single-phase
DNS results of Huser and Biringen (1993), Lin et al. (2017), and Fornari et al. (2018) are plotted
for comparison.
The RMS of fluctuating dimensionless velocity u+rms as a function of dimensionless wall units
y+ is shown in Figure 7.5b. The magnitude of RMS fluctuating velocity quantifies the degree of
fluctuation of the instantaneous flow velocity around the mean flow velocity. An increased u+rms
indicates a higher degree of mixing within the flow. Results from polypropylene microspheres
(Stk1) showed that increasing the Reynolds number resulted in a higher u+rms, whereas the results
obtained for the DEHS droplets (Stk2) did not show a significant degree of increase in u+rms with
increased Reynolds number. It is possible that the quantitative differences seen in Figure 7.5b
could be caused by the flow condition itself since the Reynolds numbers presented are not fully
turbulent.
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Figure 7.5: Top (a): Spatiotemporally averaged dimensionless velocity u+ against wall units y+.
Bottom (b): RMS of fluctuating dimensionless velocity u+rms against wall units y
+. Results are
shown for polypropylene particles (Stk1) and DEHS (Stk2).
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7.1.3 PIV Results Taken at the Inlet of the Test Section
In order to visualize the influence of Reynolds number on entrance effects, PIV data was taken
at the inlet of the test section. While the section prior to the test section was meant to allow for
flow development, the flow passes through a flanged connection which connects the first section to
the second section (test section). The majority of the deposition results are presented for Reynolds
number Re > 3, 000, but for data points collected for < 3, 000 it can be seen that entrance effects
play a small role as the flow passes through the flanged connection which joins the first and sec-
ond section of the channel. Figure 7.6 illustrates the time-averaged velocity vector field and the
normalized velocity magnitude color contour for Reynolds number Re < 3, 000. From Figure 7.6a
and Figure 7.6b, it can be seen that the flanged connection caused a region of increased flow veloc-
ity from the test section inlet (X = 0 mm) to around X = 70 mm for these lower flow velocities.
However in Figure 7.6c and Figure 7.6d, the normalized velocity magnitude is shown to approach
uniformity indicative of minimized entrance effects most likely caused by the flanged connection.
Therefore, the majority of the surface deposition results presented in the following sections are
not influenced by this flanged connection and the first section of the channel was successful in its
primary role meant for flow development.
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Figure 7.6: Mean velocity vector fields and color contour of normalized velocity magnitude. Taken
at channel inlet. Top Left (a): Re = 1, 100, Top Right (b): Re = 1, 450, Bottom Left (c): Re = 2, 250,
Bottom Right (d): Re = 2, 500.
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7.2 Particle Deposition Results
7.2.1 Particle Deposition Velocity and Particle Relaxation Time
The dimensionless particle deposition velocity u+d is shown as a function of particle relaxation
time τ+. The combined experimental results for polypropylene particles are shown in Figure 7.7a,
where u+d is shown for two different surface properties, that is, with or without the addition of a
CNT surface coating. The results are also shown for selected cases in which the PIV velocity field
was used to measure the friction velocity. Figure 7.7b shows the non-dimensional particle depo-
sition velocity (Equation 5.5) versus the non-dimensional particle relaxation time (Equation 5.15)
experimentally obtained for DEHS droplets. For comparison with the model used for empirically
estimating the dimensionless deposition velocity, Wood’s correlation (Equation 5.11) was plotted
for both particle types.
Both results demonstrated that an increase in particle relaxation time reduced the deposition
velocity for the experimental conditions of this study. In Figure 7.7, the Reynolds number was
found to increase from Re = 700 to Re = 7, 000 which corresponded to a friction velocity of u∗ =
0.013 m/s to u∗ = 0.0914 m/s. The particle deposition velocity in Figure 7.7a ranged from u+d =
0.1583 to u+d = 0.0129, whereas the particle deposition velocity in Figure 7.7b ranged from u
+
d =
0.01303 to u+d = 0.0032. For both particle types, increasing the Reynolds number resulted in an
increase in τ+. This makes physical sense because relaxation time, by definition, indicates the time
necessary for the particle velocity to equalize with the flow velocity. Increasing the flow velocity
(i.e. Reynolds number) for a given particle velocity increases the time necessary for the particle
velocity to relax to the flow velocity which is again, by definition, an increased particle relaxation
time. In this sense, an increased Reynolds number for a given particle diameter followed Wood’s
model well. Results in which the PIV velocity fields were used to determine the friction velocity
were found to closely follow Wood’s model. Figures 7.8 and 7.9 show the particle deposition
velocity versus particle relaxation time as a log-log scale, similar to the results of many previous
studies. In this study, the particle deposition of polypropylene microspheres and DEHS droplets
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was governed by the influence of gravitation sedimentation for all flow velocities.
The addition of the CNT surface coating resulted in an increase in the deposition velocity
in comparison with an uncoated surface under the same experimental conditions. This result
agreed with the results of Gutfinger and Friedlander (1985) and Wells and Chamberlain (1967)
who demonstrated an increased deposition rate (i.e. increased deposition velocity) with a fiber-
coated surface as compared to a smooth surface and discussed how fibers protruding into the flow
offer deposition sites away from the wall, thereby enhancing the deposition process.
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Figure 7.7: Particle deposition velocity as a function of particle relaxation time. Top (a):
polypropylene microspheres, Bottom (b): DEHS.
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By extending Wood’s model as shown in Figure 7.8, a continued increase in particle relaxation
time eventually led to an increase in deposition velocity. This was found to be due to the competing
terms in Wood’s model, in which the magnitude of individual terms reflected the experimental
conditions (i.e., increasing Reynolds number for a constant particle diameter). Experimental results
conducted with polypropylene microspheres and DEHS droplets were then plotted together and
showed the overall comparison with Wood’s model. These results also illustrated the regimes in
which each term of Wood’s model dominated particle deposition. When plotted, the intersection
of terms denoted the value of particle relaxation time, in which the deposition to smooth walls due
to one term was of the same order as the other term. In Figure 7.8, two intersections are shown,
but for clarity, the intersection corresponding to the results with DEHS droplets are annotated
with the regimes in which eddy-impaction (2nd Term) or gravitation sedimentation (3rd Term)
dominated particle deposition (Equation 5.11). The magnitude of the Brownian diffusion term
(1st Term) is very small and a constant, on the order of 10−7 and 10−9 for the smaller and larger
particles, respectively. Therefore, Figure 7.8 only shows the two terms which play larger roles.
By decreasing the particle diameter for a given flow velocity, gravitational sedimentation played
a larger role in particle deposition since this results in a reduction of relaxation time where the
decrease is magnified by square of the particle size.
The shape of Wood’s model was determined by the interaction of these three terms. The grav-
itational sedimentation and eddy-impaction terms determine the left and right limits of Wood’s
model, respectively. The Brownian diffusion term is constant and thus contributed equally for the
flow velocities of a given particle type. For values of τ+ greater than a critical value τ+crit, the
influence of eddy-impaction on particle deposition causes all curves to converge into one, in which
the particle deposition could be described as a power law of the form u+d = Kτ+2, as originally
proposed by Owen (1969) and later refined by Wood (1981a). For τ+ ≤ τ+crit, Wood’s model
branches off into separate curves defined by different values of Sc2/3τ+1/3. In this study, τ+crit ≈ 10
for the investigated values of Sc2/3τ+1/3. In comparison to the work of Wood (1981a), the values
of Sc2/3τ+1/3 explored in his study resulted in a τ+crit ≈ 0.25. The group Sc2/3τ+1/3 is for a given
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particle type (i.e., constant particle diameter and density) and a varying flow velocity. This explains
why two curves were created for each particle type at varying flow velocities because each particle
type had a different particle diameter and particle density, which resulted in different values of





































































































Figure 7.9 illustrates the comparison with the associated numerical simulation results of this
work and with the study of Barth et al. (2013). The associated numerical simulation of this work
simulated particle deposition in a square duct, and Barth et al. (2013) experimentally measured
the particle deposition in a square duct. The associated numerical simulation results computed the
particle deposition velocity by maintaining a constant Reynolds number and increasing the particle
diameter, whereas the experimental study computed particle deposition velocity by holding the
particle diameter constant and increasing the Reynolds number. Both experimental and numerical
studies were compared with Wood’s model for these conditions. Likewise, the deposition velocities
were compared from both studies for similar values of τ+.
From the numerical results, in the region where the Stokes number was larger than 10−2, the
deposition velocity increased as the relaxation time increased for a constant Reynolds number and
varied particle diameter. The numerical results agreed well with Wood’s correlation and with the
experimental results of Barth et al. (2013). In the experimental study, the average solid particle di-
ameter was used to compute Wood’s model (37.5µm) and the results of experimental to numerical
simulation can be compared for similar particle sizes. This can be seen in the from the numerical
simulation results for the particle diameters of 30µm and 40µm with the same particle density as
the polypropylene microspheres. Both experiment and particle simulation show that deposition
velocity decreased as normalized relaxation time increased with constant particle diameter. In ad-



























































































Effect of Reynolds Number
For a given particle diameter and varying Reynolds number, the general trend observed was
that as Reynolds number increased, an increase in particle penetration was observed for both par-
ticle types (Figure 7.10). The penetration efficiency was less affected by the increased Reynolds
number because it seemed to taper off to an upper limit for the experimental conditions explored.
In Figure 7.10, the penetration efficiency of solid particles deposited on a CNT surface coating was
tested for only three flow velocities, which corresponded to Re = 3, 500, 5, 000, 6, 250. For each
of these flow velocities, the penetration was reduced with the addition of the CNT surface coating,
indicating overall enhanced surface deposition. For the range of Reynolds numbers tested, the
penetration did not consistently increase with increased Reynolds number but fluctuated to higher
or lower levels than the previous Reynolds numbers; however, this fluctuation was attributed to the
degree of uncertainty inherent to the calculation of penetration efficiency of either particle type.
Effect of Particle Diameter
For a given Reynolds number and varying particle diameter, an increase in particle diameter
resulted in decreased penetration. This can be seen by comparing the liquid aerosol results (smaller
diameter) to the solid aerosol results (larger diameter). Increased particle diameter was shown to
result in an increased particle deposition velocity. Therefore, the particle deposition velocity was
considered to be inversely proportional to the penetration efficiency. This result agrees with the
results of McFarland et al. (1991), who found a decreasing trend in penetration efficiency with
increasing aerodynamic particle diameters, irrespective of the flow velocity.
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Figure 7.10: Penetration as a function of Reynolds number. Results shown for polypropylene
microspheres and DEHS.
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Penetration Efficiency Correlation Based on the Experimental Study
We attempted to correlate the penetration efficiency with the flow Reynolds number. The cor-
relation was based on a power law of the form P = 1 − exp(−αReβ) because the penetration
efficiency tapered off to an upper limit with an increase in Reynolds number, where the effect of
Reynolds number on penetration was diminished. Likewise, the chosen form of the correlation
satisfied the upper and lower limits of penetration. That is, for an infinitely high Reynolds number,
no deposition was expected to occur, resulting in P = 1. Otherwise, for an infinitely low Reynolds
number, all injected particles would instantly be deposited to the surface and would result in P = 0.
Details of the constants for each curve are found in Table 7.2.
PSolid,Smooth = 1− exp(−0.7512Re0.0987) (7.1)
PSolid,CNT = 1− exp(−0.0309Re0.4650) (7.2)
PLiquid = 1− exp(−0.3047Re0.2629) (7.3)
Table 7.2: Penetration Constants
α β R2
Eq. 7.1, Solid Particle, Smooth Surface 0.7512 0.0987 0.47
Eq. 7.2, Solid Particle, CNT Surface 0.0309 0.4650 0.79
Eq. 7.3, Liquid Particle, Smooth Surface 0.3047 0.2629 0.83
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7.3 Deposition Distribution
Surface deposition scans on the bottom surface of the channel were carried out to characterize
the spatial particle deposition concentration. Results presented here are presented for polypropy-
lene microspheres. Each scan required approximately 4 hours to be completed because of the
small imaging area. With solid particles, once the solid aerosol was injected, the surface scan be-
gan. However, after aerosol injection with DEHS droplets, the deposited droplets tended to deform
from their initial circular shapes after impact with amorphous blobs, thus eventually merging with
neighboring droplets. This was problematic for the surface deposition measurement technique be-
cause the particle cross section was used to calculate the number of particles. Therefore, only the
spatial distribution of solid particles is presented.
Measurements of spatial particle deposition concentrations were performed for Reynolds num-
bers of Re = 3, 500 and Re = 5, 000. Three scans were completed for each Reynolds number,
following the scanning grid in Figure 4.6a. In Figure 7.11, the mean of the three scans was com-
puted and used to illustrate the stream-wise and lateral particle deposition concentration. The mean
lateral distribution of the five stream-wise locations was computed and is shown in Figure 7.11b.
The spatial particle deposition concentration was defined as Apart/Astep where Astep is the area
covered by the motorized-traverse in each incremental movement in the scanning direction.
The results of both the stream-wise and lateral scans demonstrate a reduction in the spatial de-
position concentration with increased flow velocity. This finding reflects the penetration efficiency
trend of the previous section for solid particles (Stk1). The shape of the stream-wise concentra-
tion for Re = 3, 500 was a smooth curve in the flow direction. In contrast, for Re = 5, 000, a
nonlinear concentration was observed throughout the test section bottom wall, thus indicating in-
creased turbulence. While the purpose of measuring the spatial deposition concentration along the
stream-wise centerline was to mitigate the effect of secondary corner vortices, other forces that
were not considered may have played a major role in causing the lumped appearance, as seen for
Re = 5,000. As for the trend seen for the lateral distribution, both flow conditions demonstrated an
increase near the side wall of the channel. To the best of the author’s knowledge, the particle depo-
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sition distribution in the lateral direction relative to the stream-wise centerline (Figure 7.11b) was
experimentally demonstrated for the first time for deposition enhancement in the corner caused by
secondary flow vortices in the corners of a square channel.
Figure 7.11: Top (a): Particle deposition distribution in the stream-wise direction relative to the
inlet of the test section (x=0). Bottom (b): Particle deposition distribution in the lateral direction
relative to the stream-wise centerline (z=0). Side wall at z = ±1.
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8. SUMMARY AND CONCLUSIONS
In this study, the flow field, free-stream particle concentration, and surface deposition were
experimentally measured, and the results were applied to the flow of solid and liquid aerosols
in a horizontal square channel. The mean velocity vector field, TKE, and turbulent boundary
layer were experimentally measured using PIV. The particle deposition velocity as a function of
particle relaxation time was calculated for two particle types with varying flow velocities and
compared to a well-known deposition model and to the numerical results. Using a combination of
isokinetic probe sampling and a high magnification imaging system, the penetration efficiency and
the stream-wise/lateral deposition concentration were measured.
It was demonstrated that the u+ profiles followed the universal slope of the turbulent boundary
layer well but overestimated the logarithmic slope in the log-law region because of the formation
of higher turbulence in the channel corners. For both particle types, an increase in particle relax-
ation time led to a reduction in the deposition velocity for the experimental conditions tested in
this study. The increase in Reynolds number for a given particle diameter followed Wood’s model
well. By comparing the influence of each term in Wood’s model, it was found that the particle
deposition of polypropylene microspheres and DEHS droplets was governed by the influence of
gravitation sedimentation for all flow velocities considered in this study. By decreasing the parti-
cle diameter for a given flow velocity, as shown in Figure 7.8, gravitational sedimentation played
a larger role in particle deposition since this results in a reduction of relaxation time where the de-
crease is magnified by square of the particle size. The numerical results agreed well with Wood’s
correlation, the experimental results obtained by Barth et al. (2013), and with the results of this
work. An increased Reynolds number resulted in an increase in particle penetration for both parti-
cle types. With the addition of the CNT surface coating, the penetration was reduced, indicating an
overall enhanced surface deposition compared to a smooth surface. An increased particle diameter
resulted in decreased penetration, which agreed well with the results of McFarland et al. (1991).
An equation was proposed which correlated the flow Reynolds number to penetration efficiency
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and also satisfied the physical limitation of penetration efficiency. Results of both the stream-wise
and lateral scans demonstrate a reduction in spatial deposition concentration with an increased flow
velocity. Lastly, deposition enhancement in the corner caused by secondary flow vortices in the
corners of a square channel was shown.
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B.1 Calibration and Pixel-to-Physical Coordinate Conversion
Figure B.1: LaVision calibration target used to find pixel-to-physical scaling ratio. Pixel coordi-
nates of the numbered grid points used to determine δX and δY .
B.2 Overview of In-House PIV Code
Prior to running the PIV code, the raw images were processed to eliminate the background and
to isolate the particles in the image.
1. Background calculation
• The background of the image was found by averaging individual pixel intensities of the
raw PIV images.
• The resulting background image did not have any particles.
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2. Background subtraction
• After calculating the average background from the raw PIV images, the background
image was then subtracted from every raw image.
• The resulting background subtracted image had a background with a pixel intensity of
zero whereas the particles did not thereby highlighting the particle motion.
3. Masking
• Invalid regions were masked prior to running the PIV code. For example, areas of the
image which contained the channel walls.
Figure B.2: Background subtracted PIV image.
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Figure B.3: Instantaneous velocity field overlaid onto background subtracted PIV image.
Figure B.4: Multi-pass grid refinement used in PIV code.
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Figure B.5: Evaluation matrix showing grid points where PIV code failed determine the flow
direction/magnitude and thereby interpolated by the surrounding grid points. Values shown are
results for a single image pair.
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